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Abstract：The anomalous Hall effect (AHE) in strongly disordered magnetic systems has been buried in persistent 
confusion despite its long history. We report the AHE in perpendicularly magnetized L10-MnAl epitaxial films with 
variable orbital two-channel Kondo (2CK) effect arising from the strong coupling of conduction electrons and the 
structural disorders of two-level systems. The AHE is observed to excellently scale with ρAH/f=a0ρxx0+bρxx2 at high 
temperatures where phonon scattering prevails. In contrast, significant deviation occurs at low temperatures where the 
orbital 2CK effect becomes important, suggesting a negative AHE contribution. The deviation of the scaling agrees with 
the orbital 2CK effect in the breakdown temperatures and deviation magnitudes. 
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The anomalous Hall effect (AHE) is the most prominent 
phenomena existing in magnetic materials. The AHE has 
received renewed interests in recent years due to its rich 
phenomenology that defies the standard classification 
methodology and prompting conflicting reports that claim 
the dominance of various microscopic processes [1-3]. 
The scaling between longitudinal resistivity (ρxx) and 
anomalous Hall resistivity (ρAH) can provide access to the 
detailed mechanisms of the AHE. Present theories predict 
a scaling of ρAH~ρxxn, with n = 2 for side jump and 
intrinsic contribution [4,5], and n = 1 for skew scattering 
[6]. The intrinsic contribution is related to the topological 
Berry curvature of band structure [4], while the extrinsic 
side jump and skew scattering result from spin-orbit 
interaction-induced asymmetric impurity scattering of 
conduction electrons [5,6]. Notably, in contrast to the 
conventional picture that ρAH scales with the total 
resistivity irrespective of its sources [3], recent 
experimental studies have revealed that both ρAH and the 
scaling relation are qualitatively different for various 
types of electron scattering. Phonon scattering was found 
to have no distinguishable contribution to extrinsic part of 
ρAH in ferromagnetic Fe, Co, Ni, L10-Mn1.5Ga films, Co/Pt 
multilayers, and paramagnetic Ni34Cu66 films [7-12]. 
When ρxx is dominated by phonon and static defect 
scattering, the AHE has a scaling of ρAH = a0 ρxx0+bρxx2, 
where ρxx0 is the residual resistivity, a0ρxx0 is the extrinsic 
contribution from both side jump and skew scattering, and 
b is the intrinsic anomalous Hall conductivity (AHC). In 
magnetic materials with relatively low Curie temperature, 
the temperature (T) induced variation of the 
magnetization must be taken into account [13]. For the 
simplest case that ρAH scales proportionally with 
magnetization (M) which is not the fact in some magnetic 
systems [14,15], the AHE scaling can be modified into a 
more general expression explicitly as ρAH/f = a0 ρxx0+bρxx2. 
Here, f = M / M0, where M0 is magnetization at 0 K; the T- 
independence of a0 and b is not considered. In the 
presence of strong disorder effects (dirty metal [1]), the 
AHE scaling is more complex. In the hopping conduction 
regime, the AHE was reported to scale as ρAH~ρxx0.4 in 
Fe3-xZnxO4 and (Ga,Mn)As [16,17], ρAH~ρxx0.5~0.3 in 
Ti1-xCoxO2-δ [18], and ρAH~ρxx0 in polycrystalline FePt [19], 
respectively. It has remained an open question whether or 
not weak localization and electron-electron interaction 
contribute to ρAH [19-21]. Therefore, further experimental 
and theoretical attempts are crucial for better 
understanding of the AHE, especially in disordered 
magnetic systems. 
   The Kondo effect is a striking consequence of 
conduction electrons coupling with localized spin or 
“pseudospin” impurities. The one-channel Kondo systems 
are normally found to have an important AHE 
contribution arising from the coupling of Kondo centers 
and conduction electrons [22,23]. However, the interplay 
between the AHE and the two-channel Kondo (2CK) 
effect displaying exotic non-Fermi-liquid (NFL) physics 
has remained elusive. Aliev et al. predicted an exact 
cancellation of the AHE contributions from two channels 
of quadruple 2CK effect when the magnetic field is not so 
large to eliminate the channel symmetry and presented an 
experimental evidence in U0.9Th0.1Be13 [24]. In contrast, 
Sato et al. found a negative AHE contribution and a 
breakdown of the scaling ρAH~ρxx2 at low T in CeRu2Si2 
single crystal exhibiting NFL behaviors [25]. To our best 
knowledge, there have been no reports about the AHE for 
orbital 2CK effect arising from coherent tunneling 
scattering of localized “pseudo-spin” 1/2 impurities 
between two independent quantum wells, i.e. dynamical 
disorder of structural two-level-systems (TLSs) [26]. The 
orbital 2CK effect has a magnetic field (H)-independent 
contribution to ρxx which scales with lnT (Kondo 
scattering), T1/2 (NFL regime), and a deviation from T1/2 
(breakdown of NFL physics) in three characteristic T 
regimes, respectively. 
Most recently, we observed robust and controllable 
orbital 2CK effect evidenced by the three-regime 
resistivity increase at low temperatures in L10-MnAl 
ferromagnetic films [27], which may provide an 
experimental access to the AHE in the presence of the 
orbital 2CK effect. On the other hand, L10-MnAl films are 
ideal for the AHE studies due to their giant perpendicular 
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magnetic anisotropy (~106 erg/cc), well-defined 
perpendicular hysteresis loops, and large values of ρAH 
(e.g. 2~7.5 μΩ cm in Mn1.5Al films grown on 
AlAs-buffered GaAs) [28-32]. However, there has been 
no report about the temperature dependence of ρAH or the 
scaling of the AHE in MnAl to date. In this letter, we 
present the AHE in L10-MnAl epitaxial films with 
variable orbital 2CK effect. The AHE scaling well agrees 
with ρAH/f = a0 ρxx0 + bρxx2 in high-T regime where phonon 
scattering is dominating but seriously breaks down at low 
temperatures most likely due to a negative AHE 
contribution of orbital 2CK physics. 
A series of 30 nm-thick L10-MnAl films with Mn/Al 
atom ratio of 1.1 were epitaxially grown on 
semi-insulating GaAs (001) substrates by molecular-beam 
epitaxy at 200, 250, 300, 350 and 400 oC, respectively, 
and then capped with a 4 nm-thick Al2O3 layer to prevent 
oxidation [27,30]. The good homogeneity and sharp 
interface of these films are confirmed by the 
cross-sectional high-resolution transmission electron 
microscopy images [29]. More details of structures, 
magnetic and transport properties could be found 
elsewhere [27-29]. The values of f of these films were 
determined by a Quantum Design SQUID-5 system. The 
films were patterned into 60 μm-wide Hall bars with 
adjacent electrode distance of 200 μm using 
photolithography and ion-beam etching for transport 
measurements (see Fig. 1(a)). Both Hall resistivity ρxy and 
ρxx were measured as a function of T (2-300 K) and 
perpendicular H by a Quantum Design PPMS-9 system. 
Figure 1(b) shows an example of ρxx-H curves at 
different T for L10-MnAl films (Ts = 200 oC). For all the 
temperatures concerned in the work, ρxx varies little with 
H in comparison to the large value of itself, which is 
further confirmed by the small magnetoresistance (<0.5%) 
[27], suggesting a negligible spin fluctuation and spin 
waves in this material probably due to their strong 
anisotropic field [33]. These features hold for all the films 
with different Ts. Figure 1(c) summarizes ρxx at H = 0 T 
for all the L10-MnAl films as a function of T. Each film 
shows a resistivity minimum at characteristic temperature 
(Tm), beyond which ρxx increases linearly with increasing 
T due to the dominating phonon scattering. As T decreases 
from Tm towards 0 K, ρxx shows an intriguing increase 
arising from the orbital 2CK effect [27]. More detailed 
studies show that the values of Tm are about 190, 41, 18, 
19, and 24 K for Ts = 200, 250, 300, 350, and 400 oC, 
respectively [27]. By subtracting the contribution from the 
orbital 2CK effect, the residual resistivity ρxx0 (i.e. the 
offsets ρ1 ≈ ρ2 in ref. 27) was determined to be 218.5, 
174.7, 132.2, 135.7, and 141.1 μΩ cm for the films grown 
at 200, 250, 300, 350, and 400 oC, respectively. 
In order to investigate the AHE and possible 
interplay with the 2CK effect, we first evaluated ρAH in 
L10-MnAl films by subtracting the ordinary Hall 
component R0H (determined from a linear fit to the 
high-field regions of the ρxy-H curves up to ±7 T) 
following the empirical relationship of ρxy = R0H + RsM 
with ρAH = RsM. Figure 2(a) shows ρAH-H curves 
measured at 300 K for all these films with different Ts. 
ρAH and switching field of ρAH-H curves show significant 
variation among these samples, which agrees with the 
thermally-tuned structural disorders and magnetic 
properties [30], Kondo temperature, and the TLS density 
in these films [27]. The film grown at 200 oC shows the 
most gradient hysteresis, coinciding with the observation 
of the strongest orbital Kondo effects among these studied 
films. Figure 2(b) shows the T profile of ρAH in these 
films. ρAH varies between 1.28 μΩ cm and 1.93 μΩ cm, 
which is smaller than previously reported 2~7.3 μΩ cm in 
Mn1.5Al films [31,32]. In common magnetic metals, e.g. 
Fe and L10-Mn1.5Ga [7,10], ρAH are always observed to 
decrease monotonically as T decreases. In striking 
contrast, ρAH of our L10-MnAl films shows 
non-monotonic T dependence. For Ts ≥ 300 oC, as T 
decreases from 300 K to 2 K, ρAH first drops 
monotonically, reaches the minimum around 50 K, and 
finally climbs up, which is very similar with that in 
strongly disordered FePt polycrystalline films with 
hopping conduction [20]. For Ts = 200 oC and 250 oC, ρAH 
even increases monotonically upon cooling down. So far, 
there have been few report on similar anomaly in 
T-dependence of ρAH [14]. As is shown in Fig. 3(a), with 
increasing T from 2 K to 300 K, f (here M0 takes the value 
at 2 K) changes little for the films grown at beyond 300 
oC, whereas reduces by 40% and 50% for the films grown 
at 250 oC and 200 oC, suggesting a remarkable reduction 
of Curie temperature. The slightly faster increase in M at 
lowest temperatures for L10-MnAl with Ts =200 oC could 
be due to possible compensating alignment of Mn atoms 
at different lattice sites as was widely discussed in 
chemically disordered MnGa [34,35]. Notably, the 
corrected anomalous Hall resistivity, ρAH/f, decreases 
monotonically with decreasing T (see Fig. 3(b)). However, 
we infer that the occurrence of orbital 2CK effect at low T 
could be another reason for such a complex temperature 
dependence of ρAH in addition to the T-dependent M, as is 
further indicated by the scaling behaviors. 
To distinguish the different contributions of ρAH, we 
checked the scaling behavior of AHE in the L10-MnAl in 
Fig. 3(c). ρAH/f shows a good linear correlation with ρxx2 
in the high T regime (T > Tm) for all these films with 
different Ts, consistent with scaling ρAH/f = a0ρxx0 + bρxx2. 
The derived values of a0 and b are summarized in Fig. 4(a) 
as a function of Ts. a0 changes from large negative to 
vanishingly small positive values as Ts increases from 200 
oC to 400 oC, which should be due to the reducing 
extrinsic AHE contribution and static defects, consistent 
with the observation in L10-FePt films [13]. b decreases 
from ~1.8×10-3 μΩ-1 cm-1 at Ts = 200 oC to 6.0×10-5 
μΩ-1 cm-1 at high Ts. In the MnAl films with low Ts, the 
opposite signs of a0 and b indicate that the extrinsic skew 
scattering and side-jump contribute to AHC in an opposite 
way to that of intrinsic contribution as observed in FePt 
and Fe films [7,13]. The strong Ts dependence of intrinsic 
AHC b should be attributed partly to the different T 
dependence of M (see Fig. 3(a)) and partly to the 
modification of Fermi surface by structural disorders 
(especially the chemical disorder) [10,13]. As shown in 
Fig. 4(b), the carrier density p estimated from ordinary 
Hall coefficient Ro following the single-band model varies 
remarkably among the MnAl films with different Ts, 
confirming the significant variation of the Fermi surface 
properties with structural disorders. It should be pointed 
out that the observed variation of b in the samples with 
the same composition but different degree of structural 
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disorders reminds us that one should take care when 
trying to establish the AHE scaling by assuming a 
constant b or n in a group of samples with different 
composition. 
More intriguingly, the experimental data 
significantly deviate from the expectation of ρAH/f = a0ρxx0 
+ bρxx2 (see Fig. 3(b)) below 150 K and 25 K for Ts=200 
oC and 250 oC, respectively. For other three samples with 
Tm < 25 K, the breakdown of the scaling law is not evident. 
The excellent agreement between deviation temperatures 
of the scaling and Tm below which orbital 2CK effect 
become important is highly reminiscent of a close relation 
between this breakdown and the orbital 2CK effect. 
Importantly, the magnitudes of the deviation at 2 K for 
different samples are also consistent with their strength 
(TK, α, and β in Ref. 27) of the orbital 2CK effect. In fact, 
such breakdown of the scaling can be readily understood 
because the 2CK effect gives a positive contribution to ρxx 
but a negative or zero contribution to ρAH [24,25]. Here, 
there seems a negative contribution to ρAH of our 
L10-MnAl films below Tm, which is consistent with the 
observation in quadruple 2CK system of CeRu2Si2 single 
crystal [25]. Unfortunately, the AHE for the 2CK effects 
is difficult to treat theoretically at present. More 
theoretical and experimental efforts are needed in the 
future for better understanding these intriguing AHE 
scaling behaviors. It should be mentioned that other 
scaling laws in literature which based on picture that ρAH 
scales with the total resistivity irrespective of its sources 
cannot solve above breakdown problem [36]. 
In conclusion, we have systematically presented the 
AHE in ferromagnetic L10-MnAl epitaxial films with 
variable orbital two-channel Kondo effect. The AHE 
scaling is observed to follow ρAH/f = a0ρxx0+bρxx2 at high 
temperatures where phonon scattering prevails. However, 
the AHE significantly deviates from it at low temperatures 
where the orbital 2CK effect becomes important. The 
breakdown of the scaling seems closely correlated to the 
orbital 2CK effect which contributes to the longitudinal 
and anomalous Hall resistivity in different ways. A 
remarkable tuning of the intrinsic AHC and the carrier 
density is also observed by varying structural disorders, 
indicating a significant modification of the Fermi surface 
properties. These results put forwards new inspiring 
questions for future theoretical and experimental studies 
of the AHE. 
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Fig. 1 (a) Schematic of anomalous Hall effect and 
measurement configuration, (b) ρxx-H curves (Ts=200 oC) 
and (c) ρxx-T curves for L10-MnAl films with different 
Ts. 
 
Fig. 2 (a) H (300 K) and (b) T dependence of ρAH for 
L10-MnAl films grown at 200, 250, 300, 350, and 400 oC. 
 
 
FIG. 3 (a) f versus T, (b) ρAH/f versus T, and (c) ρAH/f 
versus ρxx2 for L10-MnAl films grown at 200, 250, 300, 
350, and 400 oC. 
 
FIG. 4 (a) a0, (b) b, and (c) temperature-dependent p for 
L10-MnAl films with different Ts. For clarity, the values of 
a0 in (a) is multiplied by a factor of 2. 
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